Human diploid embryonic lung fibroblasts and HeLa cells were cultivated in Eagle minimal essential medium supplemented with 10% calf serum. Monolayer cultures were labeled with 3H-uridine and treated with highly purified staphylococcal alpha-, beta-, delta-, or gamma-hemolysin. The release of soluble radioactive substances into the medium was used as an indicator of damage to the cell membrane after treatment with each hemolysin. The assay method described is simple, sensitive, and rapid. It allows quantitative estimation of changes in membrane permeability to be detected before a morphological damage is observed microscopically. Upon incubation for up to 30 min with highly purified staphylococcal hemolysins, only delta-hemolysin caused release of a significant amount of tritiated substances from fibroblasts. Such leakage occurred immediately after addition of delta-lysin and was independent of temperature. With minor exceptions, this was similar to the release of isotopes after treatment of the cells with the nonionic detergent Triton X-100. Treatment of fibroblasts with combinations of two or three of these toxins gave neither a synergistic nor an antagonistic effect. Evidence is presented which indicates that delta-hemolysin is the only important fibroblast damaging activity in crude preparations of extracellular proteins of four strains of S. aureus, whereas HeLa cells are susceptible also to purified alpha-toxin.
Human diploid embryonic lung fibroblasts and HeLa cells were cultivated in Eagle minimal essential medium supplemented with 10% calf serum. Monolayer cultures were labeled with 3H-uridine and treated with highly purified staphylococcal alpha-, beta-, delta-, or gamma-hemolysin. The release of soluble radioactive substances into the medium was used as an indicator of damage to the cell membrane after treatment with each hemolysin. The assay method described is simple, sensitive, and rapid. It allows quantitative estimation of changes in membrane permeability to be detected before a morphological damage is observed microscopically. Upon incubation for up to 30 min with highly purified staphylococcal hemolysins, only delta-hemolysin caused release of a significant amount of tritiated substances from fibroblasts. Such leakage occurred immediately after addition of delta-lysin and was independent of temperature. With minor exceptions, this was similar to the release of isotopes after treatment of the cells with the nonionic detergent Triton X-100. Treatment of fibroblasts with combinations of two or three of these toxins gave neither a synergistic nor an antagonistic effect. Evidence is presented which indicates that delta-hemolysin is the only important fibroblast damaging activity in crude preparations of extracellular proteins of four strains of S. aureus, whereas HeLa cells are susceptible also to purified alpha-toxin.
Staphylococcus aureus produces at least four different cytolytic toxins (31, 41) called alpha-, beta-, gamma-, and delta-hemolysins, since the erythrocyte was the first type of cell used for assaying the cytolytic activity. The hemolytic assay is still the simplest and most convenient one. The four hemolysins can be differentiated on the basis of the sensitivity of erythrocytes from different animal species to each. Alphatoxin is most active on rabbit erythrocytes, beta-toxin is most active on sheep erythrocytes, and gamma-toxin is most active on rabbit and human erythrocytes, whereas delta-toxin lyses erythrocytes from many different animal species (31, 41) . Beta-toxin is a sphingomyelinase C (27) , but the mechanism of the cell membrane interaction of the three other toxins is unknown (31) . In addition, it is still not known what types of cells in animal hosts are the important target for the lethal action of these four toxins.
This investigation evaluates the use of human diploid fibroblasts and HeLa cells in tissue culture for studies on cytotoxic effects of highly purified staphylococcal hemolysins. Subjective observations of morphological changes are only qualitative and do not reveal subtle effects on the cell membrane. This report describes a system for quantitative estimation of cell membrane damage by measuring leakage of tritiated substances from the cytoplasm. The cell culture system used has been well standardized in a series of investigations (19) (20) (21) (22) (23) .
Since the criteria of purity of staphylococcal toxins were not defined in most biological studies, it is quite possible that the cytotoxic effects described by several authors might have been caused by contaminants possessing broader substrate specificity than the toxins in question (1, 3, 12, 31, 34 Beta-toxin (beta-hemolysin) was purified from strain R 1 as recently described (40) and by Biogel chromatography (31) .
Purified delta-toxin (delta-hemolysin) was kindly supplied by A. Kreger. It was also purified in our laboratory according to Kreger et al. (17) from strain Newman, kindly supplied by G. Wiseman. This strain mainly produces delta-toxin, but also low quantities of alpha-toxin.
Gamma-toxin (gamma-hemolysin) was produced from strain Smith SR (30) and purified by ion exchange chromatography, Sephadex chromatography, and isoelectric focusing (31) . In addition, this strain also produces alpha-toxin.
Crude culture supernatants of these strains are referred to as crude alpha-, beta-, delta-, and gammatoxins, respectively. The purified preparations were devoid of protease, lipase, staphylokinase, hyaluronate lyase, enterotoxin B, leucocidin, nuclease, and glucosidase activities (29, 40) . The purity of these preparations was also controlled by analytical acrylamide electrophoresis and immunoelectrophoresis (40) . 3H-uridine (20) (21) (22) . Cultures between the 5th and the 10th passages after 15 to 30 cell divisions were used for the toxicity tests. In addition, two cloned HeLa lines were used. Cells were seeded at a density of 90,000 cells per culture (13,000 cells/cm2) in Linbro trays and incubated with 3 ml of Eagle minimal essential medium supplemented with 10% calf serum, 4 mM glutamine, 1 mM sodium pyruvate, and penicillin (100 IU/ml) and streptomycin (100 Ag/ml). The cells were incubated at 37 C in a humid atmosphere containing 5% CO2. The medium was changed after 5 to 7 days, and the cultures were used when complete monolayers had developed after another 2 to 7 days. Toxicity testing. Monolayers were incubated for 2 h at 37 C with medium containing 1 UCi of 3H-uridine per ml. After further incubation for 2 h with fresh medium lacking 3H-uridine, the monolayers were washed with Hanks balanced salt solution three times to remove extracellular radioactivity before toxin was applied. The toxins were diluted in Eagle medium without calf serum. One milliliter of toxin solution per culture was added, and the cultures were incubated for 10 and 30 min. Control cultures were incubated with Eagle medium alone. The medium was then removed and centrifuged (1,000 x g for 10 min at 4 C). One-tenth milliliter of the supernatant was transferred to a scintillation vial containing 10 ml of Aquasol. Samples were counted in a Nuclear Chicago liquid scintillator for 1 min. All tests were performed in duplicate or triplicate. The spontaneous release of isotope in the control cultures never exceeded 3 to 6% and was deducted in the data presented.
To test the effects on cells in suspension, monolayers were removed from culture bottles by trypsinization (0.25% trypsin) after usual labeling and washing of the cells with Hanks balanced salt solution. The trypsinization itself caused certain cell damage with a release of about 12% of the maximal release (see below). The cells were centrifuged at 1,000 x g for 10 min at 4 C, resuspended in fresh 3H-free medium, counted, and distributed in test tubes (0.7 x 10' cells/tube). Samples of toxin were diluted, 1 ml was then added to each tube, and the cell suspensions were thoroughly mixed and incubated at 37 C.
Standardization of toxic effects. To compare results between experiments, maximal release of soluble intracellular radioactive substances was measured by incubating six control cultures in each experiment with 0.06 M sodium borate buffer (pH 7.8) at 37 C for 15 min, followed by scraping with a rubber policeman to lyse the fibroblasts, a procedure which leaves the nuclei intact (25) . Because sodium borate buffer does not lyse the plasma membrane of HeLa cells, the nonionic detergent Triton X-100 was used instead. At a concentration of 0.25% (vol/vol), this detergent causes lysis of the cytoplasmic membrane, leaving the nuclei intact (M. Thelestam, unpublished data).
All experimental results were then expressed as percentage of the maximal release.
Standard deviation of the maximal release when measured in six parallel samples was 4 3 to 7%. This closely paralleled the standard deviation in number of cells per culture, which was also determined for six cultures in each experiment. The standard deviation was considered acceptable in this biological assay system.
Measurement of hemolytic activity. The toxin was diluted in tris(hydroxymethyl)aminomethane-hydrochloride-buffered saline (pH 7.0) supplemented with 1 mM MgCl2, and 1% (vol/vol) washed erythrocytes in the same buffer were added (30, 39, 40) . The mixture was incubated at 37 C for 1 h, hemolytic titers were read after 2 h at 4 C, and the dilution of hemolysin which gave a 50% hemolysis was VOL. 8, 1973 939 
RESULTS
Effects of crude and purified toxins. Table 1 shows that crude alpha-, beta-, and delta-toxins caused a concentration-dependent release of radioactive nucleotides from fibroblasts after incubation for 10 min, whereas crude gammatoxin did not. When the purified toxins were tested, the results were quite different ( Table  2 ). Purified alpha-and beta-toxins did not release radioactive substances from the fibroblasts. On the other hand, the effect of deltatoxin did not diminish upon purification. It seems probable that the activities found with crude alpha-and beta-toxins were due to contaminating delta-toxin.
All four crude toxins caused release of radioactive compounds from HeLa cells upon incubation for 30 min at 37 C (Table 3) . Of the purified preparations, both alpha-and deltatoxins caused isotope release, whereas purified beta-and gamma-toxins were without effect on these cells. a 3H-uridine-labeled diploid fibroblasts were incubated for 30 min at 37 C with purified toxins diluted in fresh medium at concentrations indicated. The results are expressed as in Table 1 . a 3H-uridine-labeled HeLa cells were incubated for 30 min at 37 C with crude and purif'ied toxins diluted in fresh medium at concentrations indicated. Membrane damage was measured as the release of radioactive substances into the medium after toxin treatment. The observed values are expressed as percentage of maximal release obtained by treating the cells with Triton X-100 (0.25%, vol/vol).
The effect of crude alpha-toxin on HeLa cells may still mainly have been due to contaminating delta-toxin. In terms of hemolytic units (rabbit erythrocytes), a higher amount of purified than crude alpha-toxin was required to obtain the same amount of isotope release. The effect of gamma-toxin was probably due to contaminating alpha-toxin.
In Fig. 1 , where the membrane-damaging effect on fibroblasts of crude alpha-, beta-, delta-, gamma-toxins is plotted against the hemolytic activity upon human erythrocytes, it is seen that, except for gamma-toxin, the membrane effect was almost exclusively related to the number of HU per milliliter. Because neither alpha-nor beta-hemolysin acts upon human blood cells in these concentrations (30) Table 1 . Alpha-toxin 0, beta-toxin, 0, delta-toxin, 0, gamma-toxin, x. the membrane effect was probably due to the contaminating delta-toxin.
Crude gamma-toxin also contains alpha-toxin, but neither of these two toxins evidently damaged the diploid fibroblast membrane after a 30-min incubation period.
Inhibition of alpha-and delta-toxins. Tables 4 and 5 give further proof for the hypothesis that contaminating delta-toxin of the crude preparations is responsible for the membrane effect. Addition of 50 jAg of lecithin per ml to the crude toxins diminished their membranedamaging effect considerably. Lecithin specifically inhibits delta-toxin (4, 14) . Heating of crude alpha-or beta-toxin could not abolish its membrane-damaging effect (Table 5 ). This also indicates that the membrane damage was not caused by the heat-labile alpha-or beta-toxin activities in these preparations, but rather by the heat-stable delta-toxin (17) . Furthermore, when anti-alpha serum was mixed with crude alpha-toxin, the membrane damage on fibroblasts was not reduced. However, anti-alpha serum completely abolished the membrane effect of purified alpha-toxin on HeLa cells.
Prolonged incubation with pure alpha-, beta-, and gamma-toxins. Table 6 shows how these three purified toxins affected fibroblasts with prolonged incubation for up to 22 h. Betaand gamma-toxins did not cause any significant release after 22 h of incubation, whereas alphatoxin produced an increasing release of radioactive substances. Prolonged incubation was not further studied because released material was evidently reincorporated due to the cell metabolism. Effect of beta-toxin in different systems. Beta-toxin shows a typical "hot-cold" effect on sheep erythrocytes; i.e., the cells are not lysed after incubation at 37 C but require a further incubation at 4 C. A similar experiment was performed with fibroblasts. After incubation for 30 min at 37 C, the cells were stored at 4 C for 90 and 180 min. However, not even the highest concentration of purified toxin applied (105 HU/ml) caused any significant release of radioactive nucleotides.
To make sure that the resistance of fibroblasts was not due to the arrangement of the cells in a dense monolayer, the effect of betatoxin was also tested on fibroblasts in a suspension. Treatment with purified beta-toxin gave no additional release of radioactivity as compared with the control.
Kinetic studies on the effect of delta-toxin. Purified delta-toxin seems to have an instantaneous effect on the fibroblast membrane (Fig.  2) . Within 2 min after incubation with 0.5 to 1 HU (human erythrocytes) at 37 C, 70 to 80% of the maximal release of nucleotides occurred. No obvious visible cell damage was observed microscopically with these concentrations until 75 to 90% of the maximal release of radioactive compounds had occurred. The cells then became granulated and decreased in size but were not detached from the plastic surface except in cultures to which higher concentrations of toxin (1 to 2 HU) were added. With lower concentrations, the release never exceeded 50 to 60% of the maximal release. In these cases, morphological changes were not observed until after a 30-min incubation period (Fig. 2, lower  arrow) .
The effect of different concentrations of purified delta-hemolysin on fibroblasts was tested at 4, 13, and 37 C for 30 min. The effect of delta-toxin at 4 C was almost the same as at 37 C (Table 7) . The cytolytic effect of deltatoxin was thus shown to be very rapid, with no noticeable lag phase, and largely independent of the temperature. A minimal critical concentration was not observed with delta-toxin, as in the case of the detergent Triton X-100 (Fig. 3) .
Combination of toxins. Purified alpha-, beta-, and delta-toxins were mixed in the combinations shown in Table 8 light microscope, first appeared. These changes were considered typical for delta-toxin. Inserted figure shows the corresponding effect of the surface active agent Triton X-100 (0.05 %, vol/vol). crude toxins shown in Table 1 were caused by contaminating delta-toxin.
DISCUSSION
Tissue culture techniques have been used for many years to study the effects of bacterial protein toxins (37) . Most of the earlier studies dealt with the effects of diphtheria toxin (18) on mammalian cells cultivated by different methods (5, 6), whereas only a few studies have been devoted to other protein toxins, such as enterotoxins (35) , neurotoxins (28) , and a few membrane active toxins, such as streptolysins 0 and S and staphylococcal alpha-toxin (37) . A detailed study of human diploid fibroblasts by Hayflick and Moorhead (11) stimulated research with these cells. A simplified standardized cultivation technique has been developed (20) (21) (22) (23) , and strictly defined conditions have been used for biological testing of antibiotics (19) and carcinogens (24; M. Thelestam and J. Litwin, unpublished data).
The method described in this paper offers several advantages over conventional methods for measuring cytotoxic effects, such as observation of morphological changes under the microscope, determination of total cell protein as a measure of cell growth (8) , measure of acid production by color change of an indicator in the medium, or measure of uptake of vital stains such as trypan blue or neutral red (37, 43) . These procedures are all less suitable for quantitative measurement of cell damage. However, release of enzymes, such as aldolase and beta-glucuronidase, from cells damaged by staphylococcal delta-toxin has been studied, and a quantitative assay should be possible by this method (9) .
A method similar to the one described in this paper was developed for the study of the cytotoxic effect of alpha-toxin by labeling cells with 35S-methionine (26) . Recently, Hallander and Bengtsson (10) labeled cells with 32P to measure cell damage with crude and partially purified staphylococcal toxins. Release of 5'Cr from labeled target cells has been used in immunological investigations (42) .
The main advantages of a method based on the release of radioactive metabolites from the cells are: (i) high sensitivity; (ii) quantification of the cell damaging effect; (iii) suitability for studies of cytoplasmic membrane damage without visible morphological changes; and (iv) high reproducibility and simplicity for studies of many cultures simultaneously.
The well-standardized conditions for the outgrowth of fibroblasts to monolayers yielding approximately 0.7 x 106 cells per culture make this method highly reproducible. In contrast, HeLa cells are less well suited for this type of assay, since they do not grow to complete monolayers but tend to grow more irregularly due to lack of contact inhibition. However, this and other heteroploid cell lines have mostly been used for cytotoxicity studies, since they are easy to grow and readily available (37) .
In this assay system, the cells are incubated with the toxin dilution in fresh culture medium without serum. This is important, since deltatoxin is partially inhibitied by serum and since sera from different animal species might interfere with the cytotoxic assay as reported for staphylococcal enterotoxin B (35) . Addition of serum is unnecessary in our system because of the short incubation time. Furthermore, the cells have not been in contact with proteolytic enzymes for at least 7 days when used in this assay system. This is advantageous since proteases may alter the membrane architecture, e.g., so as to resemble malignant cells in the behavior towards plant lectins (32, 38) or so as to respond differently to staphylococcal enterotoxin B (36) .
Crude alpha-and beta-toxins caused a rapid release of nucleotides, which was probably caused by contaminating delta-toxin. This hypothesis is supported by the following facts: (i) highly purified alpha-toxin was without effect; (ii) the release was closely correlated to the hemolytic activity on human erythrocytes; (iii) the release caused by the crude toxins was abolished by preincubation with lecithin; (iv) the release was not affected by heating at 60 C for 10 min; and (v) the release caused by crude alpha-toxin was not affected by preincubation with antiserum against alphatoxin.
On the other hand, it is important to notice that highly purified alpha-toxin caused a certain membrane damage on fibroblasts upon incubation for longer periods of time. However, this effect progressed slowly, causing only a slight swelling of the cells after 3 h and no further changes in morphology during the following 22-h period. It is thus probable that neither alpha-, beta-, nor gamma-toxin is able to interact with the human fibroblast membrane on short-time incubation, and only alphatoxin interacts when incubated for longer periods of time. Moreover, purified alpha-toxin caused a release of nucleotides from HeLa cells upon incubation for 30 min, whereas purified beta-and gamma-toxins did not.
Addition of a preparation of partially purified alpha-toxin to human amnion, rabbit kidney, or HEP-2 cells was reported to cause morphological changes both in the cytoplasm and nucleus (2, 15 Fig. 2 . More recently, Hallander and Bengtsson (10) showed that partially purified alpha-toxin was toxic for calf kidney cells but not for human or monkey kidney cells as measured by release of 32P from the cells. On the other hand, delta-toxin had a more pronounced effect on the human cells, but with a much slower release of the isotope than shown in Fig. 2 .
It is not evident in the above mentioned or any of the other studies on cytotoxicity of staphylococcal alpha-toxin, recently reviewed by Jeljaszewicz (12) , how pure these preparations were, and they might in several cases have been contaminated with delta-toxin and enterotoxin B. It is thus probable that the substrate specificity of alpha-toxin is much more limited than previously believed. Another explanation of the reported cytotoxic effects of alpha-toxin could be that the membrane structures of different mammalian cells are different, as indicated by the effect of alpha-toxin on HeLa cells in this study. However, since purified alpha-toxin is often contaminated with delta-toxin, the first explanation seems more probable (4, 29, 33) . Korbecki and Jeljaszewicz (16) showed that crude and partially purified beta-toxin (sphingomyelinase C) was cytotoxic for KB cells. This was also confirmed by Wiseman (43) on KB cells and cell lines of different origins. Wadstrom and Mollby (41) showed that purified beta-toxin was cytotoxic for HeLa cells, human embryonic muscle fibroblasts, and human thrombocytes, whereas corresponding concentrations of beta-toxin were not toxic to human embryonic lung fibroblasts or HeLa cells in this study. This again points to the fact that different mammalian cells might show quite different sensitivities to these toxins. However, also in the case of beta-toxin, varying quantities of contaminating delta-toxin might have caused some of the conflicting results reported earlier.
The low specific hemolytic activity of deltatoxin, the kinetics of its hemolytic action, its wide spectrum of action on different artificial and biological membranes, and its inhibition by various phospholipids, as well as the kinetics found in this study (rapid and temperatureindependent release), indicate that it is a surfactant polypeptide (13, 17, 33) , as first pointed out by Bernheimer (3) , and that it is probably unique among bacterial proteins.
It is important to use highly purified toxins for biological testings in order to be able to study the spectrum on different cell types from different animal hosts. This is quite obvious when, for example, the different effects of crude or semipurified alpha-toxin on muscle cells, fibroblasts, thrombocytes, and other cells are compared with the findings reported in this investigation. It also means that most of the previous effects attributed to alpha-toxin should be re-investigated with purified toxin devoid of delta-toxin and other contaminants (12, 31, 33) . Also, the contradictory reports on the toxicity of beta-toxin might be due to the presence of a contaminant in purified toxin preparations. It is important to point out that in spite of the fact that alpha-, beta-, and gamma-toxins may have a more limited toxic effect on cell cultures than previously believed, these toxins are still lethal for different animals in 1-to 100-.ug quantities. The possible role of specific target cells or organs for these different lethal toxins is still completely unknown.
